The aim of this study was to compare two processes for the extraction of R-phycoerythrin (R-PE) from the red seaweed Grateloupia turuturu: ultrasound-assisted extraction (UAE) and ultrasound-assisted enzymatic hydrolysis (UAEH). Process efficiencies were both evaluated by the yield of R-PE extraction and by the level of liquefaction. Experiments were conducted at 40 and 22 °C, for 6 h, using an enzymatic cocktail and an original ultrasonic flow-through reactor. R-PE appeared very sensitive to temperature, thus 22 °C is strongly recommended for its extraction by UAEH or UAE. However, the higher processing temperature (40 °C) clearly increased the extraction of water-soluble compounds (up to 91% of liquefaction).
. 48
The more conventional R-PE extraction method is based on a solid-liquid extraction, in 49 sodium phosphate buffer, from a seaweed powder obtained after freeze-drying and grinding in 50 liquid nitrogen. Such a process is very time-consuming and expensive, making it difficult to 51 upscale, thus extraction alternatives are welcomed. Among these, enzymatic hydrolysis 52 appears promising to extract R-PE [7] as well as other valuable components [1, 8] . However, 53 regarding the enzymatic extraction of R-PE, despite promising data on Palmaria palmata [7] , 54 7
Extraction methods

112
A portion of the seaweed was cut into small pieces (about 5 -7 mm 2 ) using a cutting mill 113 (Microcut Stephan MC 15). These were subsequently stored at -20 °C. All the experiments 114 were performed in a jacketed glass reactor vessel (5 L) containing around 3 kg of reaction 115 mixture, composed of 20 % wet and cut seaweed homogenized in tap water (corresponding to 116 the minimal water quantity to obtain an effective circulation of the reaction mixture, with the 117 pump, in our conditions) with the pH adjusted to 5.5 by addition of 6 M HCl (Radiometer 118 analytical TitraLab ® 854). Homogenization was conducted continuously, at 100 rpm (Stuart   ®   119 Overhead Stirrer SS20), and the reaction mixture was circulated using a peristaltic pump 120 (Leroy ® Somer) at a flow rate of 50 L.h -1 . An external circulation system (Hitema ® ESE 010 121
and Memmert) was used to control and adjust the temperature (22 ± 1 °C or 40 ± 1 °C) in the 122 reactor during the 6 hours of the process. To ensure R-PE preservation, the whole system was 123 kept in darkness ( Figure 1a) . 124
Regular sampling (± 30 mL) was carried out throughout the experiment. Samples were 125 immediately centrifuged (15,500 g, 30 min, 20 °C, Beckman Coulter Avanti ® J-E Centrifuge) 126 providing supernatant and sludge fractions that were weighed and then freeze-dried. The 127 temperature was regulated (22 ± 1 °C or 40 ± 1 °C) and pH was monitored inside the reactor 128 during the whole experiment. 129 an ultrasonic flow-through reactor (SYNETUDE, France) 132
Ultrasound-assisted extraction (UAE) 133
The reaction mixture was sonicated for 6 hours using an ultrasonic flow-through reactor 134 (SONITUBE ® 35 kHz, 200 to 400 W), manufactured and kindly provided by SYNETUDE 135 (Chambéry, France) (Figure 1b ). At the amplitude of 100 %, the power delivered during the 136 experiments in the reaction mixture varied between 300 W and 340 W. No enzyme was added 137 during these experiments. 138
Ultrasound-assisted enzymatic hydrolysis (UAEH) 139
The UAEH process is a combination of enzymatic hydrolysis (EAE) and the UAE extraction 140 method. The UAEH was initiated by the addition of the enzymatic cocktail and the 141 9 simultaneous application of US. After preliminary tests (data not shown), 1 % w/w of each 142 enzyme related to the weight of wet seaweed was added, corresponding to a concentration of 143 0.2 % w/w of each enzyme in the reaction mixture. Experiments were monitored during 360 144 min. 145 
Analyses
R-phycoerythrin (R-PE) 155
Absorption spectra were monitored from 200 to 800 nm, using a UV-VIS spectrophotometer 156 (Shimadzu UV-1800). R-PE concentrations were determined spectrometrically, using the Beer 157 
Soluble carbohydrates 162
The water-soluble carbohydrates were analyzed using a phenol-sulfuric acid method. Glucose 163 was used as a standard (range from to 15 to 150 mg.L -1 ). Absorbance was measured at 490 nm 164 (Shimadzu UV-1800, UV-VIS Spectrophotometer) [23] . The extraction yield of soluble 165 carbohydrates was expressed as mg.g -1 seaweed dried weight (dw). 166
Elemental composition: carbon and nitrogen 167
The elemental C and N composition was determined on dehydrated samples (algal powder 168 and freeze-dried supernatants), weighed (1.5-5 mg) and placed in small tin capsules that were 169 carbonized by flash combustion at 1,800 °C. The C and N contents were oxidized and 170 converted into a gaseous form, at 950 °C in a combustion column and at 750 °C in a reduction 171 column. The gases formed were transferred by carrier gas (helium) and analyzed by gas 172 chromatography (FLASH 2000 NC Organic Elemental Analyzer -Thermoscientific). The 173 results were integrated using the Eager Xperience for Flash software. Carbon and nitrogen 174 extraction yields were expressed as a percentage of the initial carbon and nitrogen seaweed 175 content (%). 176
Statistics 177
All the extractions were carried out in three independent replicates (n=3). Means and standard 178 deviations (SD) are given for three independent experiments. Analyses were performed using 179 the software Sigmastat 3.1. Multiple comparison tests were carried out using the Holm-Sidak 180 test following the ANOVA procedure (p < 0.05). 181 11
Results and Discussion
182
R-PE temperature stability
183
The R-PE stability according to temperature is depicted in Figure 2a as the percentage of 184 preserved R-PE over time. 185
Whatever the processing temperature, the level of preserved R-PE decreased with time 186 without any plateau, even after 6 hours. The shape of the curves was similar with the highest 187 denaturation occurring during the first 30 min followed by a slower one. However, a 188 temperature impact was clearly noticeable. Indeed, after 30 min, at 4 °C, 94 % of R-PE was 189 
Seaweed liquefaction
213
Whatever the process or the temperature, the rate of liquefaction increased with time ( Figure  214 3a), which confirms that ultrasound can reduce the hydrolysis processing time [15] . 215
However, some discrepancies were found, as the gain in seaweed liquefaction over time at 216 UAEH 40 °C was much higher than that observed with other treatments. In fact, a comparison 217 of the kinetics for UAE 22 °C, UAE 40 °C and UAEH 22 °C revealed that the gain in 218 liquefaction seemed to be similar over time, with the same regular and slight increase. 219
Nevertheless, when the combined process (UAEH) was applied at 40 °C, the level of 220 liquefaction increased rapidly during the first 3 hours, moderately for one more hour, and was 221 then followed by a stationary phase until the end of the experiment (40 ± 1 %). 222
After 6 hours of treatment, no statistical differences were observed for UAE processes, as the 223 final soluble contents were found identical (74 ± 4 % at 22 °C and 74 ± 0.5 % at 40 °C) 224 (Figure 3b) . Thus, in these conditions, seaweed liquefaction by sonication was not influenced 225 by temperature. However, a recent study on grape marc demonstrated that the extraction 226 yields under sonication were correlated to temperature (from 20 to 50 °C) but that too high 227 temperatures could have a negative effect on the ultrasonic cavitation intensity due to the 228 increase in vapor pressure [26] . 229
In contrast, a clear impact of temperature was noticed when enzymes were used associated 230 with sonication (UAEH). For example, while 83.6 ± 1.9 % of solubilized material was found 231 at 22 °C, up to 90.7 ± 0.1 % of soluble compounds were recovered at 40 °C. This could be 232 explained by the fact that 40 °C is closer to the optimal temperature of the enzymes used, thus 233 leading to a better enzymatic efficiency. 
R-phycoerythrin content 259
The R-PE extraction yields measured over time are presented in Figure 4 , in which some 260 kinetic differences are observed. 261
Whatever the treatment, during the first hour, two trends emerged: an increase in R-PE 262 extraction yields at 22 °C and, conversely, a decrease at 40 °C. Such a reduction is consistent 263 with the denaturation previously observed at 40 °C (3.1). 264
However, after these initial 60 min, different R-PE extraction kinetics were noticed: a regular 265 reduction for UAE 22 °C and 40 °C throughout the processing time, a stagnation during one 266 more hour followed by a decrease for UAEH 22 °C and a relative stability for UAEH 40 °C 267 (1.81 ± 0.01 mg.g -1 dw). After 6 hours, UAE at 40 °C seemed to be the most denaturing 268 treatment but the final amount of preserved R-PE extracted (39 ± 3 %) remained higher than 269 that obtained by classic tap-water extraction (26 ± 0.6 %) (Figure 2a) . Whatever the temperature, the addition of enzymes always led to higher extraction rates 277 (p<0.05). At the end of the processes (360 min), no significant differences were noticed 278 between UAE 22 °C and UAEH 22 °C while at 40 °C, the R-PE yield with UAEH was higher 279 than with UAE, which could be associated with the positive action of enzymes at 40 °C, as 280 previously mentioned. 281
Nevertheless, 22 °C is preferable as at this temperature, the thermal denaturation of R-PE is 282
limited. This is in accordance with a previous study on the red seaweed Palmaria palmata, 283 which demonstrated that the extraction of R-PE, by enzymatic hydrolysis, was improved by 284 reducing the temperature to 25 °C [7] . 285
Based on these results, some assumptions can be formulated: 1-R-PE would be more stable 286 toward temperature in our soluble phase than in a tap-water extract due to the presence of 287 other co-extracted compounds, such as polysaccharides or oligosaccharides (see below, Figure  288 5a); 2-the extraction yield of R-PE was the difference between extraction and denaturation 289 over time; 3-soluble R-PE could be more sensitive to sonication than non-extracted R-PE, 290 leading to its denaturation over time. Indeed, a recent study on the UAE of water-soluble 291 pigments from Bougainvillea glabra flowers found that temperature was more influential than 292 cavitation on the extraction of pigments, as they are temperature-sensitive [33] . Thus, 293 temperature could have both positive and negative effects: it increased the solubility of solids 294 (including pigments) from the biomass (Figure 3b ) but, beyond a certain temperature, 295 ultrasonic cavitation could be altered and pigments damaged by thermal denaturation. 296
In accordance with our assumption 3, it is possible that too long an exposure of pigments to 297 ultrasonic waves, even at 22 °C, induced their structural destruction leading to a lower yield 298
[33]. For example, at 22 °C, the extension of the UAEH treatment from one to six hours led to 299 the denaturation of 31 % of extracted R-PE. 300
It is important to keep in mind that sensitivity toward temperature and ultrasonic waves, 301 depends on the type of molecules and the experimental parameters. As Regarding carbon and nitrogen, whatever the temperature, they were better extracted by 348 UAEH treatments compared to UAE ones (Figure 5b and c) . However, a positive temperature 349 effect was only noticeable for carbon with UAEH as 83 % of the initial carbon was extracted 350 at 22 °C and 92 % at 40 °C. For nitrogen, no statistical differences were observed between 351 UAEH at 22 °C and 40 °C (Figure 5c ). 352
All these results clearly demonstrate an enzymatic effect as the polysaccharidases, with an 353 optimal temperature close to 40 °C ( 
Conclusions
363
These results highlight some differences between R-PE extraction and seaweed liquefaction. 364
For liquefaction, the UAEH process at 40 °C for 6 hours (at least 4 hours) appeared to be the 365 best condition with up to 91 % of solubilized material. For R-PE, both UAE and UAEH at 366 22 °C (60-120 min) were suitable, with extraction yields (around 3.6 mg.g -1 dw for UAEH) 367
close to conventional solid-liquid extraction. However, UAEH 22 °C also demonstrated a 368 greater extraction of other water-soluble compounds. Thus, further work is needed in order to 369 find the best compromise for R-PE extraction and Grateloupia turuturu liquefaction. 370 23
